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This report estimates the frequency instability and phase noise of the hydrogen maser
receiver. The errors at each output are given as functions of the errors of the component
modules of the receiver. The results are compared to the measured errors of the fre-

quency standard (maser plus receiver).

l. Introduction

The hydrogen maser receiver is a synthesizer that converts
the maser signal, at about 1420 MHz, to a set of output signals
at 100, 20, 10, 5, 1, and 0.1 MHz. This report estimates the
contribution. of the receiver and its component modules to the
frequency instability and phase noise of each of its outputs,
and compares these results to published measurements of the
100-MHz output of the frequency standard, which consists of
a maser plus its receiver. One can then assess how much the
receiver degrades the performance of the frequency standard.

The block diagram of the receiver is shown in Fig. 1, which
is extracted from Ref. 1 and modified slightly. It is a double-
heterodyne phase-locked loop that provides its own mixing
signals to the first and second mixers. The frequency conver-
sion ratio of the receiver is tuned by setting the conversion
ratio of the synthesizer that feeds one side of the phase detec-
tor. Let us believe that the maser is oscillating at 1420 + f
MHz. If the synthesizer’s front panel dials are set to read f;
MHZ, then the loop forces the receiver outputs to have their
advertised frequencies of 0.1 up to 100 MHz, relative to the
1420 + f, MHZ that we believe the maser to have. The fre-
quency f, can be set between 0.4 and 0.51 MHz in steps of
10-8 Hz.
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In the following analysis, we presume to traverse the terri-
tory covered by R. Meyer in Ref. 1, There are a few differ-
ences. First, many of the component performances in Ref. 1
are merely requirements. Some of these we have replaced by
the measured performances reported in a number of other
references, to be cited later. Second, we have given a more
thorough treatment of the effect of the distribution ampli-
fier chain on the loop and on the receiver outputs. Finally,
we have added one more (somewhat redundant) performance
measure, the Allan variance for 7 =1 second, because it is easy
to compare it with measurements on the frequency standard.

Il. Phase Noise Breakdown

The aim_here is to give the phase noises at the six outputs,

to @ in Fig. 1, in terms of the phase noises contrib-

uted by the component modules. The sinewave signal at point
@ in the figure has phase noise ¢, at the indicated frequency
(MHz). An exception is the baseband signal at (3). There are
many sources of noise. If a module (call it Z) has one output,
then the additive phase noise contributed by Z to its output is
called n. If Z has several outputs, at (D, (©), - - - , then there
are several noises nzy, ng;, '+ blamed on Z. All of the out-
puts of each distribution amplifier (DA) are electrically




separate, even though the figure shows the noises 77,4, 1755,
Nry, as coming from the same point. Each of the modules H
through L is a divider, cleanup filter, and DA in tandem.

The signal at (), the phase detector output, is
K, [Asin(¢, -¢,,* nD) + nt]

where K, is the phase detector gain, and 4 is the rms ampli-
tude of the signal at (). The noise 7y, is an exception to the
above rules in that it is referred to the input of D instead of
the output. The term r, is the baseband equivalent of the
thermal noise of the receiver.

The linearized equation of motion of the phase noise @,
can now be written as

[1+14.204 G(s)] ¢, = G(s)n +ng

where the synthesizer frequency £, has been set to 0.4 MHz,
and

G(s) = AKDKVCOF(S)/S ,

=
]

nt/A tn,tngtagta,-n, -ng R

- 14n,,, - 0.2n,, ~ 0.004 1, . (1)

From now on, let us drop the term 0.004n;, and replace
14.204 by 14.2. The closed-loop transfer function is

_1426(s)
L) = 13 14266)

whose two-sided noise bandwidth is 100 Hz (Ref. 2). The
phase noise ¢, can be written

¢y = L(s)Xn/14.2) + [1- L(s)] ny @)

Thus, n/14.2 appears inside the loop passband, and ny appears
outside.

The output phase noises, presented as if they were multi-
plied up to 100 MHz, are

100MHz: ¢, = 6, + g,

20 MHz: 591514 = P tnggt SPpia

10MHz: 109, = ¢t ng o+ 100,
(3)
5 MHz: 2O¢>16 = ¢>6 thg ot IOnI20 + 2OnJ
1MHz: 1009, = ¢, +n,,, +10m, +100m,

0.1 MHz: 10006 , = ¢, + M o + 10, + 10007,

lll. Phase Noise Data Types

We can now discuss Table 1, which contains most of the
results of this report. The first data type is called Af/f. It is the
maximum change in relative frequency that occurs after the
receiver environment undergoes a sudden 5°C change in tem-
perature. The output column gives the estimated Af/f for each
of the six receiver outputs, 100 MHz down to 0.1 MHz. The
standalone column gives the Af/f for each component by
itself. The receiver column gives the modular contributions
that must be summed according to the arrows to give Af/f for
the six outputs. Since some of the Af/f contributions may
have different signs, this is a worst-case result.

To arrive at the receiver Af/f numbers, one has to account
not only for the coefficients in Eqs. (1) — (3), but also for the
frequencies at different places in the loop. For example, ¢4 is
at 100 MHz, n, is at about 1420 MHz, and n is at 20.4 MHz.
From Egs. (1) and (2), since L(0) =1,

O = 141—2 (n, +nB)+ others,

¢ Mg 204"

100 ~ 1420 1420204 FOthers -
This shows that

receiver Af/f = standalone Af/f (module A)

receiver Af/f = (20.4/1420) (standalone Af/f) (module B) .

The second data type is one-sided spectral density of phase,
S¢(f), evaluated at f = 10 Hz. The units are dB relative to
1 rad?/Hz. This gives an idea of the relative sizes of the short-
term phase noises. The receiver and output S " values are
referred to 100 MHz, and the receiver values are summed
according to the arrows. For the above example,

2
1
S¢6(f) = (———14.2) [SnA(f) + SnB(f)] + others .
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This shows that the receiver values are (1/14.2)% (-23 dB)
times the standalone values for those two modules. Note that
the figure -100 dB for the 0.1-MHz output is the spectral den-
sity of 10006, g> 1Ot P whose spectral density is —16_0 dB.

The third data type is Allan deviation (square root of Allan
variance) at 7 = 1 second, computed from the phase noise
models used to get S;(f). Each output value is the rss of the
receiver values indicated by the arrows.

IV. The Bottom Line

The hydrogen maser is viewed only through the window of
its receiver. The last line of Table 1 gives resulis of measure-
ments made on the 100-MHz output of the combined system
(Refs. 3, 4). These can be compared directly to our estimates

of the instability of the receiver alone at its 100-MHz output.
The thermal Af/f of the receiver (a worst-case estimate) is 0.52
times the measured system value, the receiver S,(10) is 6 dB
below the measured system value, and the receiver o,,(1) is
0.43 times the measured system value.

Figure 2 extends the ay('r) comparison over a wide range of
7. The two upper curves are measurements of Allan devia-
tion (Refs. 3, 5) of hydrogen maser frequency standards at
100 MHz. The lower curve is our estimate of the contribution
of the receiver. It is composed mainly of thermal noise from
the front end of the receiver and flicker phase modulation
from the 100-MHz distribution amplifier. For 7 < 30s the
receiver noise is 3 dB to 7 dB below the total system noise. To
put it another way, the receiver appears to degrade the short-
term stability of the maser by 1 to 3 dB. For larger r, the deg-
radation from random receiver noise is negligible.
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Table 2. Breakdown of modules H-L

aflf

S.(10 Hz)
5°C step [ o (15s)
= y
r=2000s  Jo~ 1000 MHz
Frequency 1.9E-13 -114 dB 4.8E-14
divider
Cleanup 9.3E-15 ~-111dB 6.8E-14
filter
Distribution 3.7E-14 -111dB 6.8E-14
amplifier
Total 2.4E-13 ~107 dB 1.1E-13
sum sum EN
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Fig. 2. Frequency stability of hydrogen maser receiver and total
system at 100 MHz
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Appendix A

Discussion of Receiver Modules

Thermal noise. (This has nothing to do with the Af/f caused
by a thermla step.) According to Ref. 2, the receiver loop has
SNR p = 64 dB in 2b; = 100 Hz. If N, is the one-sided spec-
tral density of the thermal noise n,, then NO/A2 =2b,[lp =
-84 dB, which is the standalone value of S,(0) (=54(10)). In
effect, this pertains to the 1420-MHz signal. According to
Eq. (2), the receiver value of S,(0), which pertains to a 100-
MHz signal, is (14.2)2 = 23 dB below the standalone value.
Allan deviation can be obtained (Ref. 6) by

/35,05,

21Tf07'

o, (™) (A-1)

8.7 X 10714
.

Front end (module A). The noise n, is amplifier phase
jitter, as opposed to additive thermal noise. The figures for
Afff and S ¢(10) are merely requirements from Ref. 1. Ampli-
fiers are observed to exhibit flicker phase modulation (Ref. 7),
which means that § d)(f) = const/f for 0 <f<[,, where f, isa
cutoff frequency, set to 100 Hz here. The Allan deviation is
then equal to

242 ./ S¢(10)
f.r

0

/1+013In7

0,(7) = (a2)

(Ref. 6, corrected in a memorandum of D. W. Allan.)

First IF (module B), second IF (module C), phase detector
(module D). Same remarks as for module A. The Af/f and
S ¢(10) values are requirements from Ref. 1, and flicker PM is
assumed.

X 14 multiplier (module M). The Afjf value is from Ref. 8.
Reference 9 gives S,(f) = 10-10/f for 1 < f< 100 Hz. The
receiver value is 23 dB lower. Equation (A-2) gives 0,,(7).

Dana synthesizer (module G). The Af/f is scaled from the
value given in Ref. 10 for a 25°C step. To get the receiver
value, multiply by 0.4/1420. The § ¢(10) value is scaled from
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the value given in Ref. 11 for a Dana synthesizer at 40 MHz
instead of 0.4 MHz. Since this is also flicker PM. Eq. (A-2)

gives 0,(7).

VCO (module E). The VCO phase noise appears outside the
one-sided loop passband (50 Hz). We assume it to be pure
flicker frequency modulation, S_(f) = ¢/f°, such that for all
7 of interest, 0,,(7) = 2 X 10-12 ‘the requirement from Ref. 1.
This number appears under Af/f in Table 1, although it has
nothing to do with a temperature step. From Ref. 6 we can
deduce ¢ = fé g2 /In 4, where fo = 100 MHz, and thence the
standalone S, 1&). Since 10 Hz is well within the loop pass-
band, we have not attempted to compute the receiver S, (10).
To obtain the receiver ay(l), one realizes that the VCO phase
noise, highpass filtered by the loop, is stationary, with vari-
ance approximately equal to

2 - " e - ~12
OE—J ——3—df—5.8><10
s0 f

One can then use Eq. (A-1) to get 0,(7) by substituting 02 for
Se(0)b,.

100-MHz distribution amplifier (module F). Let us first
remark that the contribution of this amplifier to all outputs
(multiplied to 100 MHz) is about

14 .
~ 142 "rr T P

where i = 13, 8, or 19. This is why the receiver values of Af/f
and S,(10) are double the standalone values. Reference 12
gives a phase change 0.08 deg/°C at 10 MHz; this scales to
A¢ = 4 deg at 100 MHz for a 5°C change. Following R. Meyer’s
advice, we computed

A _2 A
T_ 3 3 (A'B)

27rf0'r

with f, = 100 MHz, 7 = 2000 s. The idea is that the phase
response to the temperature step has a time constant about
2000 s. This is a rough estimate, of course. For S,(f) we use




the measurements of Meyer and Sward (Ref. 7), which, scaled
to 100 MHz, give S,(f) = 8 X 107! /f. Equation (A-2) gives
o, (7).

Divider — cleanup filter — DA (modules H-L). The perfor-
mance breakdown of these combinations is given in Table 2,

which, as usual, assumes that the output has been multiplied
to 100 MHz. Flicker PM is assumed for all components.
Sources are Refs. 7 and 13 for the divider, Ref. 14 for the
cleanup filter, and Refs. 7 and 12 for the DA. There are two
receiver entries in Table 1 for the 20-MHz module / because
this module feeds backward into the loop and also forward
into its own output.
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